Monetary policy rule parameters are usually estimated at the mean of the interest rate distribution conditional on inflation and an output gap. This is an incomplete description of monetary policy reactions when the parameters are not uniform over the conditional distribution of the interest rate. I use quantile regressions to estimate parameters over the whole conditional distribution of the Federal Funds Rate. Inverse quantile regressions are applied to deal with endogeneity. Realtime data of inflation forecasts and the output gap are used. I find significant and systematic variations of parameters over the conditional distribution of the interest rate.
Introduction
Policy rules of the form proposed by Taylor (1993) to understand the interest rate setting of the Federal Open Market Committee (FOMC) in the late 1980s and early 1990s have been used as a tool to study historical monetary policy decisions. Although estimated versions describe monetary policy in the U.S. quite well, in reality the Federal Reserve does not follow a policy rule mechanically: "The monetary policy of the Federal Reserve has involved varying degrees of rule-and discretionary-based modes of operation over time," (Greenspan, 1997) . This raises the question how the FOMC responds to inflation and the output gap during periods that cannot be described accurately by a policy rule.
Except anecdotal descriptions of some episodes (e.g. Taylor, 1993; Poole, 2006) there appears to be a lack of studies that analyze deviations from Taylor's rule systematically and quantitatively.
In addition to changes between discretionary and rule-based policy regimes, economic theory provides several reasons for deviating at least at times from a linear policy rule framework. First, asymmetric central bank preferences can lead in an otherwise linear model to a nonlinear policy reaction function (Gerlach, 2000; Surico, 2007; Cukierman and Muscatelli, 2008) . A nonlinear policy rule can be optimal when the central bank has a quadratic loss function, but the economy is nonlinear (Schaling, 1999; Dolado, Maria-Dolores, and Naveira, 2005) . Even in a linear economy with symmetric central bank preferences an asymmetric policy rule can be optimal if there is uncertainty about specific model parameters: Meyer, Swanson, and Wieland (2001) analyse uncertainty regarding the NAIRU and Tillmann (2010) studies optimal policy with uncertainty about the slope of the Phillips Curve. Finally, when interest rates approach the zero lower bound, responses to inflation might increase to avoid the possibility of deflation (Orphanides and Wieland, 2000; Kato and Nishiyama, 2005; Tomohiro Sugo, 2005; Adam and Billi, 2006) . Despite these concerns in the empirical literature estimation of linear policy rules prevails with only few exceptions.
Estimated policy rule parameters characterize the conditional mean of the interest rate. Thus, during deviations of the interest rate from a linear policy rule the Federal Reserve sets the interest rate not at its conditional expected value, but at some other part of its conditional distribution. Chevapatrakul, Kim, and Mizen (2009) estimate interest rate reactions at various points of its conditional distribution.
I extend their work to real-time data, a recent IV quantile method and a gradual adjustment of interest rates. Using real-time data is crucial as the output gap was perceived by the Federal Reserve to be negative in real-time for almost the whole time between 1970 and 1990 . I use real-time inflation forecasts from the Greenbook that are at times quite different from ex post realized inflation rates.
Using Hausman tests I find significant endogeneity of inflation forecasts and output gap nowcasts and therefore use in addition to quantile regression (QR) inverse quantile regression (IQR) proposed by Chernozhukov and Hansen (2005) to compute consistent parameter estimates. I find that allowing for a structural change in the output gap coefficient in 1979 the remaining parameters are stable for the period 1969 through 2002 confirming the breakpoint test results of Orphanides (2004) .
The results indicate that policy parameters fluctuate significantly over the conditional distribution of the Federal Funds Rate. These deviations from the parameter estimates at the conditional mean of the interest rate are systematic: inflation reactions and the interest rate smoothing parameter increase and output gap responses decrease over the conditional distribution of the interest rate. The results are robust to variations in the sample. They indicate that the FOMC has sought to stabilize inflation more and output less when setting the interest rate higher than implied by the estimated policy rule and vice versa. Thus, a fraction of deviations from an estimated linear policy rule are possibly not caused by policy shocks, but by systematic changes in the policy parameters or an asymmetric policy rule.
Having analyzed how the Federal Reserve sets interest rates when deviating from the conditional mean it is of interest whether these deviations are related to the business cycle. I estimate for each observation at which quantile of its conditional distribution the interest rate is located. Knowing the parameters at the mean and at the estimated quantile for each observation of the sample one can decompose overall deviations of the Federal Funds Rate from a linear policy rule into differences in the inflation reaction, the output gap reaction, the reaction to the lagged interest rate and differences in the constant. I find anticyclical deviations of monetary policy from a linear policy rule with respect to the output gap response for the Volcker-Greenspan era. Together with a decreasing output gap parameter over the conditional distribution of the interest rate one can conclude that the Fed reacted more to the output gap during recessions than during expansions. This leads to lower interest rates than implied by a linear policy rule during recessions. A recession avoidance preference of the FOMC found by Cukierman and Muscatelli (2008) is thus confirmed.
The remainder of this paper is organized as follows: Section 2 presents the real-time dataset.
Section 3 presents estimation results for standard methods. Afterwards, section 4 gives an overview on quantile regression methods. In section 5 the quantile regression results are presented and discussed. Section 6 links parameter variations to the business cycle. Finally, section 7 concludes.
Data
I use real-time data from 1969 through 2003 that were available at the Federal Reserve at the time of policy decisions.
1 For expected inflation I compute year-on-year inflation forecasts four quarters ahead of the policy decisions using four successive quarter-on-quarter forecasts of the GDP/GNP de- 
Least Squares Regressions
I estimate a monetary policy rule of the form:
2 To be sure, these forecasts need not to coinicide with the forecasts of the FOMC members. Orphanides and Wieland (2008) use the forecasts of the FOMC members from the semiannual Humphrey-Hawkins Reports to estimate monetary policy rules. I stick to the staff's forecast as the higher frequency of the data is useful to get precise estimates using quantile regression methods. Orphanides (2001) notes that the Greenbook forecast are an useful approximation for the forecast of the FOMC.
where i t is the nominal short term interest rate, i * is the targeted nominal rate, π t+4|t is a four-quarterahead inflation forecast, π * is the inflation target, y t is the output gap and ε t is a policy shock. ρ, β and γ are policy parameters. Thus, the Federal Funds Rate responds systematically to deviations of the inflation forecast from a target and to the output gap. The interest rate is adjusted gradually to its target. Orphanides (2001) shows that forward-looking policy rules provide a better description of U.S. monetary policy than backward-looking rules in the sense that they do not violate the Taylor principle when being estimated with real-time data.
The nominal interest rate target can be decomposed into the targeted real interest rate and the inflation target: i * = r * + π * . To use linear estimation techniques equation (1) is rewritten:
where 
3.1 Specification Tests Clarida, Galí, and Gertler (2000) find using revised data differences in policy rule parameters prior to Paul Volcker's appointment as Fed chairman and afterwards. Orphanides (2004) found using a real-time dataset similar to the one used in this study a more activist policy response to the output gap prior to 1979 than afterwards, but no change in the inflation response. I estimate equation (3) and examine restrictions on the constancy of specific parameters to decide on an appropriate specification.
Inflation forecasts and output gap nowcasts might be endogenous and therefore all specification tests are repeated using TSLS. For the results using TSLS I use lags up to four quarters of the Federal Funds Rate, inflation and the output gap as instruments as in Clarida, Galí, and Gertler (2000) and Orphanides (2001) . These lagged variables are predetermined and are thus appropriate instruments for the inflation forecast and the output gap nowcast. Policy rule estimates using revised data of inflation and the output gap have relied on instrumental variable methods, (see, e.g., Clarida, Galí, and Gertler, 1998) . In contrast, the literature using realtime data has not used instrumental variable methods as inflation forecasts and output gap nowcasts are prepared before the FOMC meetings and are not revised afterwards. However, forecasts might be based on fairly accurate expectations about the policy actions of the FOMC and still a simultaneity problem with the interest rate can arise. I compute Hausman tests to detect possible endogeneity problems: The tests results indicate that except for the pre-Volcker subsample endogeneity of inflation expectations and the output gap cannot be rejected at high significance levels. I therefore present results for standard methods and instrumental variable counterparts. Table 3 shows the estimated policy reaction parameters at the conditional mean of the Federal Funds
Least Squares Estimation Results
Rate. Results typically found in the real-time policy rule literature are confirmed: the Taylor principle is fulfilled over the whole sample. The reaction to the output gap is high for the first part of the sample while it is close to zero and partly insignificant in the second part. The high inflation of the 1970's might have been caused by the high reaction to the output gap that was perceived to be highly negative in real-time. Interest rate smoothing parameters are high and significant. The estimation results impose the untested restriction that the parameters are the same across the quantiles of the conditional distribution of the Federal Funds Rate. The restriction of parameter constancy across quantiles is testable by estimating equation (2) at different quantiles and checking for significant differences in policy reaction parameters at different parts of the conditional distribution of the interest rate.
Quantile Regression
Quantiles are values that divide a distribution such that a given proportion of observations is located below the quantile. The τ th conditional quantile is the value q τ (i t |i t−1 , π t+4|t , y t ) such that the probability that the conditional interest rate will be less than q τ (i t |i t−1 , π t+4|t , y t ) is τ and the probability that it will be more than q τ (i t |i t−1 , π t+4|t , y t ) is 1 − τ:
where f (.|.) is a conditional density function. The policy rule at quantile τ can accordingly be written as:
Estimating policy parameters at different quantiles instead of the mean can be done with quantile regressions as introduced by Koenker and Basset (1978) . Estimating this equation for all τ ∈ (0, 1) yields a set of parameters for each value of τ and characterizes the entire conditional distribution of the Federal Funds Rate. While preserving the linear policy rule framework, quantile regression imposes no functional form constraints on parameter values over the conditional distribution of the interest rate.
As in the case of least squares, parameters estimated using quantile regression are biased when regressors are correlated with the error term. A two-stage least absolute deviations estimator has been developed by Amemiya (1982) and Powell (1983) and has been extended to quantile regression by Chen and Portnoy (1996) . The first stage equals the standard two-stage least squares procedure of regressing the endogenous variables on the exogenous variables and additional instruments. The second stage estimates obtained by quantile regression yield the parametersα
However, Chernozhukov and Hansen (2001) show that these estimates are only unbiased if changes in the endogenous variables do not affect the scale or shape of the distribution of the dependent variables, but only shift its location. This assumption is restrictive and excludes interesting cases. It is not fulfilled when estimating policy rules: if inflation decreases and thus interest rates decrease, the shape of the conditional distribution of the interest rate is altered as zero remains the lower bound of the interest rate. Chernozhukov and Hansen (2001) developed inverse quantile regression that generates consistent estimates without restrictive assumptions. 3 They derive the following moment condition as the main identifying restriction of IQR: 
Inverse Quantile Regression
IQR transforms equation (6) 
The following algorithm implements IQR: 7
1. First stage regression: regress the endogenous variables on the exogenous variables and addi-3 Alternatively, one could use a control function approach as in Lee (2004) . Results are likely to be similar to IQR. However, using IQR retains the simple structure of Taylor type rules. This facilitates the interpretation of the results. For a comparison of the two approaches see Chernozhukov and Hansen (2005) . 4 A weaker similiarity condition together with some other assumptions discussed in detail in Chernozhukov and Hansen (2001) is sufficient, too. Similarity requires that the distribution of the error term has to be equal for all values of each endogenous variable, holding everything else constant. Rank invariance is a stricter, but in the context of policy rule estimation also more intuitive condition than similarity.
5 An additional advantage of IQR is that it allows for measurement errors in the instruments. This will be the case in policy rule estimation using real-time data for the instruments as the data is revised later on. However, even using revised data will include measurement errors. Orphanides (2001) notes that mismeasurement is solved for many macroeconomic variables only slowly through redefinitions and rebenchmarks, but most likely never completely. Additionally, the output gap is an unobservable variable in practice and thus the output gap itself is an estimate.
6 A simple example for unconditional quantiles may help to illustrate this equivalence: consider a sample Y = {2, 5, 6, 9, 10} and the quantile at τ = 0.4 that is computed to be q 0.4 = 5. Now compute Y − q 0.4 = {−3, 0, 1, 4, 5}. It is clear that 0 is the 0.4 quantile of this expression. 7 The dependence of the parameters on the quantile τ is omitted in the following equations to keep the notation simple.
tional instruments using OLS. This yields fitted valuesD.
2. Second stage regression: estimate for all λ D ∈ Λ:
where ϕ τ (u) = τ −1(u < 0)u is the asymmetric least absolute deviation loss function from standard quantile regression (see e.g. Koenker and Basset, 1978) and λ Z are additional parameters onD.
3. Inverse step: findλ D by minimizing an Euclidian norm ofλ
This minimization ensures that Y − q τ (D, X ) does not depend onD anymore which is the above mentioned function of (X , Z).
Chernozhukov and Hansen (2001) Throughout this study stationarity of all variables used in the regressions is assumed. It is reasonable to assume stationarity of the output gap. Using standard Dickey-Fuller tests Clarida, Galí, and Gertler (1998) find that the Federal Funds Rate and inflation are at the border between being I(0) and I(1).
They proceed to estimate with an I(0) assumption under the argument that the Dickey-Fuller test lacks power in small samples.
Moving Blocks Bootstrap
Fitzenberger (1997) presents moving blocks bootstrap (MBB) as an estimator for standard errors in quantile regression that is robust to heteroskedasticity and autocorrelation of unknown forms. The MBB is modified in this study for usage with IQR. Following Clarida, Galí, and Gertler (1998) the autocorrelation considered is limited to one year. For each bootstrap blocks of the variables are drawn randomly from the whole sample. This includes the dependent variable, the endogenous variables, the exogenous variables and the instruments. For each of the 1000 bootstraps the IQR estimates are computed. Finally, standard errors of the coefficients are computed as the standard deviation of the 1000 estimates of α i (τ), α 0 (τ), α π (τ) and α y (τ), respectively. The estimation results show that the Federal Reserve responded systematically to inflation. The IQR inflation coefficient is significantly different from zero and increases from 1.5 to 2 (QR) and 2.5 (IQR), respectively, over the distribution satisfying the Taylor principle over the whole distribution. An evaluation of the Taylor principle over the distribution of the interest rate is the focus of Chevapatrakul, Kim, and Mizen (2009). The estimation results confirm their finding that the Taylor principle is not violated over the whole conditional distribution of the Federal Funds rate using real-time instead of revised data and a different IV quantile estimation method. The upper part of the distribution covers periods where the interest rate has been set higher than the least squares policy rule estimates suggest and the lower part periods where it has been set lower. Therefore, the inflation response is stronger when the interest rate is set higher than on average and lower when the interest rate is set lower than on average. While the QR and IQR inflation coefficients are similar at the lower border of the distribution the IQR coefficient increases faster over the range of quantiles than the QR coefficient. This is reflected in the coefficients at the conditional mean: the TSLS inflation coefficient is higher than the OLS inflation coefficient.
Estimation Results
The response to the output gap is higher in the first part of the sample than in the second part. In the first part of the sample the output gap response is significant and close to the estimated coefficients 
While an estimate of α π is known, the targeted interest r * and inflation rate π * are not identified separately. As the constant and the inflation coefficient are negatively related when assuming a positive inflation target, but the graphs show an increase of both coefficients over the range of quantiles, one can infer that there is a substantial degree of variation in the natural interest rate, the inflation target or both. The response to the output gap is decreasing over the distribution in both subsamples. The decrease is more pronounced in the second subsample from values around 0.25 to 0.05. In the first subsample the decrease ranges from values around 0.2 to 0.05 with an upward kink to 0.3 for estimates at the highest quantiles. The decrease of the output gap coefficient in the second subsample is highly significant. In both subsamples the instrumental variable estimates show that the output gap response is significant only for the lower 50% of the conditional distribution.
The interest rate smoothing parameter shows sizeable variations over the range of quantiles. With a mean estimate around 0.8 it increases from 0.6 to almost 1 at the 0.75 quantile and decreases thereafter slightly. The parameter is significantly different from zero over the whole distribution suggesting that interest rate smoothing is a prevalent characteristic of monetary policy of the Federal
Reserve. The narrow confidence bands until the 0.75 quantile show that the parameter increase is highly significant. The median interest rate smoothing parameters is significantly higher than the OLS/TSLS estimate.
Finally, the constant shows a large decline over the distribution from 0.5. to -0.5 with a mean estimate slightly above 0. The confidence bands are wide and the constant is nowhere significantly different from 0. The constant can be written as α 0 = (1 − α i )r * + (1 − α i − α π )π * which shows that a large part of the decrease of α 0 is due to the increase of α i . The sharp decrease at the highest quantiles reflects the high increase of α π in this region of the distribution.
In summary, the estimation results for both specifications suggest that the Federal Reserve responded more aggressive to inflation and less to the output gap during upward deviations from a monetary policy reaction function estimated at the mean and the other way around during downward deviations.
For the first part of the sample variations in the output gap response are limited especially in the case without a gradual adjustment of interest rates. The regression constant includes sizeable variations of the natural real interest rate and/or the inflation target over the conditional distribution of the Federal Funds Rate. For the specification with a gradual adjustment of the Federal Funds Rate the interest rate smoothing parameter amplifies the higher weight of inflation relative to the output gap during upward deviations from a policy rule. During downward deviations the lower smoothing parameter diminishes the relatively low inflation reaction further. It also dampens the more active output stabilizing policy compared to estimates at the mean as the structural coefficients β (τ) and γ(τ)
are computed by division of α π (τ) and α y (τ) by 1 − α i (τ). Systematic deviations from policy rule parameters estimated at the mean are strong even when taking into account interest rate smoothing as they overcompensate in this case the decrease of the constant over the conditional distribution of the Federal Funds Rate.
Robustness
To ensure robustness of the results I repeat the estimations for quarterly spaced data, for the subsamples 1969: 4-1979:2, 1979:3-2002:4, 1983:1-2002:4 and in addition for the whole sample abstracting from the structural break of the output gap imposed in the previous section. 9 The subsamples starting in 1979 and in 1983 are widely used in the literature on policy rules (see e.g. Clarida, Galí, and Gertler, 2000) . 
Decomposing Deviations From Policy Rules
The strong variation of policy coefficients raises the question if these are connected to expansions and recessions. For example, central bankers might be more averse to the danger of running into a recession than to accepting higher inflation during an expansion (Blinder, 1998) . Thus, if the probability of a recession rises they might favor to decrease the interest rate by reacting more to the output gap compared to other times (Cukierman and Muscatelli, 2008) . I estimate at which part of its conditional distribution the Federal Funds Rate is set at each point of the sample. First, I compute for each observation fitted values of the interest rate at all quantiles using the parameters from IQR for all τ ∈ (0, 1). I then choose the quantile τ t that minimizes the absolute difference of the fitted value and the actual value of the Federal Funds Rate in period t. 10 In this way one generates a time series of quantiles τ t that shows the path of the position of the Federal Funds Rate on its conditional distribution. 11 Using this information one can decompose the deviations of the Federal Funds Rate from an estimated policy rule into differences in the reactions to the covariates as follows:
For example the second term on the right side shows how much the central bank's reaction to expected inflation deviates at time t from the reaction implied by the policy rule. 12,13 Figure 4 shows the Federal Funds Rate, the policy rule without interest rate smoothing estimated in section 5, estimated quantiles and a decomposition of deviations. 14 Row 2 shows the series of estimated quantiles which is linked closely to the least squares error term shown in row 3. Row 4
shows that deviations of the IQR constant from the TSLS constant are negligible. Major deviations from the policy rule are due to persistent deviations in the inflation response shown in row 5 and the output gap response in row 6.
10 I find that this minimization problem is well behaved and features a unique minimum. 11 I check robustness of the results using probit, logit and nonparametric estimation methods to estimate realized quantiles. Probit and logit estimates give similar results to the ones reported here. Nonparametric regression yields by trend similar results though showing some high frequency jumps of the estimated quantiles that might be caused by the low number of observations. 12 The major advantage of the methodology used here in comparison to logit and nonparametric approaches is that the estimated terms of the right side sum up almost exactly to the overall deviations on the left side. This is not the case when switching to other methods for estimating the quantile series. A disadvantage is that policy shocks do not show up anymore, but are absorbed in the variations of the parameters. 13 The methodology is easily expanded to analyze deviations of the Federal Funds Rate from benchmark policy rules.
Deviations from Taylor's rule can be for example decomposed as follows:
14 I report only results for IQR and TSLS estimates here as they are close to the QR and OLS results. Reserve found by Cukierman and Muscatelli (2008) for the Greenspan period. They estimate an interest rate rule with smooth-transisition models for inflation deviations from a target and the output gap to capture nonlinearities in the reaction to these two variables. Gerlach (2000) and Surico (2007) also find that the Federal Reserve responded more strongly to recessions than to expansions, but only between 1960 and 1980 and not afterwards. Gerlach (2000) uses a nonlinear policy reaction function and a HP-filtered output gap, while Surico (2007) uses the CBO output gap and squared inflation and output gap terms in a linear policy rule. The differences to my results might be due to the different methodological approach and the usage of real-time data in this study.
The graphs reflect the anticyclicality for important episodes of monetary policy: for example during the downturn of the early nineties due to FOMC concerns about "financial headwinds" (Poole, 2006) the output gap response is high. As the real-time output gap is negative for most of the time (see figure 1) this high output gap reaction brings about an anticyclical decrease in the interest rate. 0.00). Thus, the Federal Reserve's output gap response deviated procyclically from the one suggested by a linear policy rule for the pre-Volcker period and anticyclically for the post-Volcker period. The latter confirms the result from the case without interest rate smoothing and the recession avoidance preference found by Cukierman and Muscatelli (2008) . One can conclude that even though the deviations from a policy rule are small when allowing for a gradual adjustment of interest rates, quantile regression is still useful as it allows a more precise description of monetary policy that is otherwise hidden behind the high degree of interest rate smoothing. TOMOHIRO SUGO, Y. T. (2005): "The optimal monetary policy rule under the non-negativity constraint on nominal interest rates," Economics Letters, 89, 95100.
